Introduction
The laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) technique is now widely accepted as one of the most sensitive and rapid analytical tools for elemental and isotopic analysis of solid materials. 1, 2 The continuous development of LA-ICPMS techniques has provided more precise elemental and isotopic data. With a better understanding of the mechanism of the laser ablation process, and with a higher elemental sensitivity of the LA-ICPMS technique, the precision of the isotopic ratio measurement has successively improved.
Laser ablation utilizing UV-light (frequency quadrupled 266-nm or quintupled 213-nm Nd:YAG laser, or ArF excimer laser operating at 193-nm DUV wavelength) can provide precise and reproducible signal intensity data from a small sampling area, and is now the most widely used system for the LA-ICPMS technique. [3] [4] [5] This has been well demonstrated in zircon U-Pb chronology. [6] [7] [8] [9] [10] [11] The resulting precision in 238 U- 206 Pb age determination is now almost comparable to that achieved by the ion microprobe technique, which has been thought to provide "bench mark" age data. 12 However, even with the UV lasers, serious elemental fractionation occurs during laser ablation. It is recognized that the differences in elemental volatility, [6] [7] [8] 13, 14 or time-dependent changes in the particle size distribution [15] [16] [17] [18] [19] can cause elemental fractionation. Moreover, there are several other causes of elemental fractionation, such as differences in the transport efficiency of the particles, mass loading onto the ICP or amount of re-deposition. 3, 4, 20, 21 Although many efforts have been made to reduce the elemental fractionation, the complexity in the physical and chemical processes related to the laser ablation of solid samples has prevented a detailed understanding of the elemental and isotopic fractionation induced by laser ablation, and therefore the reduction of elemental fractionation through the analysis was still a key issue to improve the data quality. It is widely recognized that the particle size distribution is a critical parameter controlling both the analytical sensitivity (ionization efficiency) and the level of elemental fractionation. The size distribution of the sample aerosol is seriously dependent upon various conditions, including laser irradiance, [22] [23] [24] [25] cell geometry, 26, 27 the type of carrier gas, 28, 29 and laser pulse length. 23, 24, 30 The difference in size of the laser-induced sample particles can be due to the large difference in thermal conductivity of the materials (1 W m −1 K −1 for glass, and 120 W m −1 K −1 for Si). 31 The rate of thermal diffusion of the metallic sample (Si wafer) occurs in the order of a pico-second (10 -12 s), which is much faster than that of non-metallic samples. 30, 32, 33 Because of the large loss of laser energy due to faster thermal A laser ablation-inductively coupled plasma-mass spectrometric (LA-ICPMS) technique utilizing a titanium-sapphire (TiS) femtosecond laser (fs-laser) has been developed for elemental and isotopic analysis. The signal intensity profile, depth of the ablation pit and level of elemental fractionation were investigated in order to evaluate the analytical capability of the present fs-laser ablation-ICPMS technique. The signal intensity profile of 57 Fe, obtained from iron sulfide (FeS2), demonstrated that the resulting signal intensity of 57 Fe achieved by the fs-laser ablation was almost 4-times higher than that obtained by ArF excimer laser ablation under a similar energy fluence (5 J/cm 2 ). In fs-laser ablation, there is no significant difference in a depth of the ablation pit between glass and zircon material, while in ArF laser ablation, the resulting crater depth on the zircon crystal was almost half the level than that obtained for glass material. Both the thermal-induced and particle size-related elemental fractionations, which have been thought to be main sources of analytical error in the LA-ICPMS analysis, were measured on a Harvard 91500 zircon crystal. ) ratios obtained by the present fs-laser ablation system were significantly smaller than those obtained by a conventional ArF excimer laser ablation system, demonstrative of smaller elemental fractionation. Using the present fs-laser ablation technique, the time profile of the signal intensity of 56 Fe and the isotopic ratios ( 57 Fe/ 54 Fe and 56 Fe/ 54 Fe) have been measured on a natural pyrite (FeS2) sample. Repeatability in signal intensity of 56 Fe achieved by the fs-laser ablation system was significantly better than that obtained by ArF excimer laser ablation. Moreover, the resulting precision in 57 Fe/ 54 Fe and 56 Fe/ 54 Fe ratio measurements could be improved by the fs-laser ablation system. The data obtained here clearly demonstrate that, even with the fundamental wavelength (NIR operating at 780 nm), the fs-laser ablation system has the potential to become a significant tool for in-situ elemental and isotopic analysis of geochemical samples including heavy minerals and metallic materials. diffusion and the fact that the samples could not be totally evaporated, the resulting molten phase was released from the ablation site by means of laser-induced shockwave. The large size particles can survive from the total evaporation and therefore the solid sample can pass through ICP into the sampling orifice. 15, 34 The introduction of survived sample particles can be a source of signal spikes, 3, 35 the elemental fractionation possibly due to preferential evaporation of the volatile elementals or due to re-deposition of the ablated materials onto the sample surface. [36] [37] [38] [39] [40] This is particularly serious when metallic or semi-conductor materials, such as Cu, Zn, Fe or Si-wafer are analyzed with the conventional laser ablation technique. 3, [41] [42] [43] [44] For brass and glass materials, it is recognized that a total elemental composition of all transported particles represents the bulk composition of the solid sample, whereas individual particle sizes consist of different elemental composition. 19, 34, 45 In order to obtain a stable signal intensity and reliable analytical results, both a higher evaporation efficiency and the shift of size distribution of the sample particles toward smaller size are very important. A new approach to improve the signal stability and to reduce the elemental fractionation is to use femtosecond (fs) lasers. 24, 37, 46, 47 Using the fs-laser ablation system, laser-induced sample particles can be modified toward smaller sizes, resulting in better analytical precision or repeatability of the measurement with higher analytical sensitivity for silicate minerals, glass and metallic samples. [48] [49] [50] [51] The analytical capability can be further improved by employing the UV-fs-laser operating at 266, 213 or 196 nm wavelength. 24, 52, 53 Despite the obvious success in obtaining higher sensitivity and precision of the measurements, because of much higher energy irradiance, the typical depth of the ablation pit can reach >100 μm, and great care must be given in the laser operational parameters in order to achieve higher spatial resolution of the analysis.
In this study, the stability or repeatability of the signal intensity and isotopic ratio measurements, as well as the elemental fractionation index ( f ), has been measured to evaluate the analytical capability achieved by the newly developed laser ablation system using a titanium-sapphire (TiS) femtosecondlaser operating at NIR (near infrared) wavelength. The basic problem in comparing the analytical data among the laser ablation systems is the large difference in aspect ratio of the ablation pit (defined by a depth/diameter ratio of the ablation pit). Faced with this problem, we have measured the aspect ratio of the ablation pit obtained by fs-laser ablation and conventional nanosecond laser (ArF excimer laser operating at 193 nm wavelength) ablation techniques; all of the analyses were made using the same ablation cell geometry and the identical ICPMS instrumental setup.
Experimental
Laser ablation system and mass spectrometer
The in-house laser ablation system is based on a 227 femtosecond (fs) titanium-sapphire regenerative amplifier system (IFRIT, Cyber Laser, Tokyo, Japan) operating at a fundamental wavelength of 780 nm. The pulse energy measured by a pyroelectric monitor (Laser Mate 3, Coherent, Santa Clara, USA) was 1.0 mJ/pulse. The output energy stability for 100-h duration is better than 1%, and therefore no re-calibration of power tuning or HV setting was made throughout the analysis. The beam optics include the following modules: an optical attenuator to control the energy density on the ablation sites and a set of mirrors and two-axes high performance objective lenses set in carousel (×2.5 and ×5), which images the laser beam directly onto the sample surface. The resulting energy profile achieved here was a Gaussian distribution. The size of the ablation pit can be controlled by changing the objective lens and the laser pulse energy. An object lens with ×5 magnification was used throughout this study. This system delivers high power densities that are useful for sample ablation with various crater pit size (10 to 30 μm). The laser can be operated with repetition rates of between 0.1 and 1000 Hz for controlling the ablation rate. Helium instead of Ar gas was flushed into the cell, which increased the sample transport efficiency and reduced the aerosol deposition at or around the ablation pit. 15, 28, 47 In this study an aluminum based sample cell specially designed for He-laminar flow with small internal volume (5 cm 3 ) was adopted (T120 Flushing Cell). The laminar gas flow can minimize the stagnation of the laser-induced sample particles, resulting in a further improvement in the transport efficiency of the sample particles into the ICP. Thin quartz glass (400 μm) was used as a laser window, which could minimize the adsorption loss of the laser energy. The ablation point was positioned by high-precision XYZ-stages (PM40B-25XY for Xaxis, PM80B-50XY for Y-axis and PR40B-20Z for Z-axis from Coms Corporation, Hyogo, Japan). All three stages were driven by 5-phase stepping motors, and the resulting positioning resolution was 1 μm for the X-and Y-axes and 0.2 μm for the Z-axis. A high-resolution CCD camera was set on the co-axis of the laser beam, and real-time monitoring of the laser ablation was possible. The system contained mechanical and electric shutters, and the laser beam was automatically cut off when the front panel for sample changing was opened. The resulting safety level of the present fs-laser ablation system was Class 1 category based on JIS C2306 (2005) and IEC 60825-1 regulations.
In this study, all of the analytical data achieved by the fs-laser were evaluated by comparing with data obtained by the nanosecond (ns) laser. The ns-laser ablation system used here was a MicroLas Production (Göttingen, Germany) GeoLas 200CQ laser ablation system. This system uses a Lambda Physik (Göttingen, Germany) COMPex 102 ArF excimer laser as a 193-nm DUV (deep ultraviolet) light source. Moreover, in order to obtain a further smoothed signal intensity profile and better analytical precision in the isotopic ratio measurements, a signal-smoothing device (stabilizer device) was applied in this study. The stabilizer device acts as a particle filter, which can minimize the introduction of large aerosols into the ICP, which causes a signal spikes. 54 Details of the laser operation settings are listed in Table 1 .
The ICPMS instrument used in this study was a VG PlasmaQuad 2 quadrupole-based ICPMS equipped with a Soption interface 6, 55 and a "Chicane" ion lens, designed for higher transmission with lower background counts. 56 The settling time was 10 ms, and all of the data acquisition was made in the time resolution analysis (TRA) mode with a dwell time of 100 ms. For the isotopic analysis of Fe, a multiple collector-ICP-mass spectrometer (MC-ICPMS) was used.
The MC-ICPMS instrument used in this study was a Nu Plasma 500 (Nu Instruments, Wrexham, UK). The multiple collector array of Faraday cups allows the simultaneous detection of 54 Fe, 56 Fe and 57 Fe signals, providing better precision or repeatability in isotopic ratio data. No correction for the mass discrimination effect was made in this study. For both the ICPMS instruments, the operational settings, such as the torch position, Ar and He gas flow rates and lens settings were tuned to maximize the signal intensites of the 54 Fe, 56 Fe, 57 Fe, 206 Pb, 232 Th and 238 U isotopic signals obtained by the laser ablation of solid materials.
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The term measurement means the period (40 s duration for signal profile measurement and 30 s duration for isotopic ratio measurement) over which the laser ablation signal was integrated. Each of these spot measurements consists of ten repeated measurements of 30 s duration at the sample site, which creates a crater of 15 -22 μm diameter. The analysis sequence begins with an analysis of the carrier gas without any laser ablation (the gas blank), and the gas blank values are subtracted from all of the signals obtained by laser ablation. Details of the instruments and the operational settings are summarized in Table 1 .
Analytical protocol
Laser-pulse energy is an important parameter for the measurement of glass, silicate and iron sulfide (FeS2) because it affects the size of the ablation pit (crater size and depth of the pit), the signal intensity, the stability of the analytes, and elemental or isotopic fractionation. 24 Generally, a higher laser power provides higher signal intensity and better precision of the measurement. However, the faster drilling achieved by the high-energy fluence can cause defocusing of the laser beam, which results in a shorter signal duration of the analytes. Moreover, a high energy fluence can enhance the re-deposition of the sample material around the ablation pit, and therefore optimization of the laser operational settings including energy fluence, repetition rate and size of ablation pit is very important to obtain precise and reliable isotopic data. In this study we used a range of laser energy, covering 10 -100 μJ (equivalent energy fluence of 1 -20 J/cm 2 with the ablation pit size of 20 μm); the laser repetition rate was controlled to adjust the signal intensity of the analytes. Even with a similar crater diameter with a similar repetition rate, the resulting signal intensity was very different between the two laser ablation systems. This is mainly due to the higher ablation rate (or drilling rate) achieved by the fs-laser ablation system. It is widely recognized that the elemental fractionation can become more serious with an ablation pit of high aspect ratio. 8 This indicates that the estimation of aspect ratio is very important to compare the difference in elemental fractionation among the different laser ablation systems. In this study we measured the aspect ratios of the ablation pit using cross-section images under a microscope; these were used for a comparison between the different laser ablation systems.
Results and Discussion
Signal intensity profile Figure 1 illustrates the signal intensity profile of 57 Fe for natural iron sulfide (FeS2) obtained by the present fs-laser ablation ( Fig. 1(a) ). For a comparison, the signal intensity profile obtained by the ArF excimer laser ablation is also shown (Fig. 1(b) ). In these figures, all of the measurements were repeated three times to demonstrate their repeatability. The signal intensity profile should be dependent upon the various parameters, such as the cell geometry, size of the ablation pit, energy fluence or repetition rate of the laser emission. In this measurement, an identical sample cell with the same He-Ar gas flow rates and same ICPMS instrumental setup were employed. Moreover, a laser fluence of about 5 J/cm 2 with repetition rate of 4 Hz was adopted for both the ArF excimer laser and the fs-laser systems. The resulting crater diameter was 20 μm for the ArF excimer laser and 16 μm for the fs-laser, and the peak-signal intensity of 208 Pb (averaged signal intensity of 208 Pb for the first 5 s) obtained from the NIST SRM610 glass was about 80000 cps for both laser ablation systems. Despite the similar signal intensity of 208 Pb from NIST SRM610 glass, there was a significant difference in the resulting signal intensity profiles of 57 Fe for pyrite. The signal intensity of 57 Fe obtained by the fslaser ablation was longer duration over a period of 30 s, whereas the signal intensity of 57 Fe obtained by the ArF excimer laser ablation started decaying after 5 s of continuous ablation. A loss of signal intensity was mainly due to defocusing of the laser beam, since the laser ablation was carried out under the fixed focus mode. When the stage is progressively lifted in order to keep the laser beam focused (active focus mode), the resulting decrease in the signal intensity was much less dramatic. 6 However, careful optimization of the lifting-rate of the sample stage is desired for better precision, or repeatability, of the measurements. Moreover, with the conventional laser optics, the resulting ablation pit became greater than that obtained with the constant-focus mode; therefore, a precise comparison in the level of elemental fractionation among the different laser ablation systems was difficult. To overcome this, the constantfocus mode was employed throughout this study for both the ArF excimer and the femtosecond laser ablation systems. Even with the laser ablation under a similar energy-fluence (5 J/cm 2 ), the resulting signal intensity of 57 Fe achieved by the fs-laser ablation was almost 4 times higher than that obtained by excimer laser ablation. The higher signal intensity achieved by the fs-laser ablation technique can be explained either by the higher transmission efficiency of the sample particles, by a higher ionization efficiency due to smaller size distribution of the sample particles, or by a larger amount of sample material ablated from the ablation pit. To evaluate this, we measured the depth of the ablation pit.
Aspect ratio of the ablation pit
The resulting diameter and depth of the ablation crater was different between the two laser ablation systems. It is widely recognized that the degree of elemental fractionation depends upon an aspect ratio (defined by ratio of crater depth to diameter), and therefore even with a similar signal intensity profile, the degree of elemental fractionation may be different. Faced with this problem we measured the aspect ratio of the resulting ablation pit. In this study we measured the aspect ratio for two different sample materials (Pyrex glass and zircon crystal). The size of the ablation pit was measured under a microscope, and the depth of the ablation pit was measured by the cross-cut section of the sample under an optical microscope. Figure 2 illustrates the resulting depth of the ablation pit in the glass material obtained with the present fs-laser ablation. The laser beam size was about 15 μm, and total number of laser shots was 200 for all of the ablation pits. In order to test the possible difference in the resulting depth of the ablation pit with the laser repetition rate, the resulting depth of the ablation pit was measured under five different repetition rates (1, 5, 10, 50 and 100 Hz). Despite the different repetition rate, there was no significant difference in the resulting depth of the ablation pit, suggesting that the laser repetition rate did not affect the ultimate depth or ablation rate. After laser ablation with 200 shots, the resulting depth of the ablation pit was 60, 150 and 200 μm with an energy of 20, 50 and 100 μJ, respectively (Fig. 2) . The calculated ablation rate per laser shot was 0.3 μm/shot with a pulse energy of 20 μJ, 0.75 μm/shot with 50 μJ and 1 μm/shot with 100 μJ, demonstrative of linear correlation of the ablation rate with the laser pulse fluence. Figure 3 illustrates cross-cut photographic images of the resulting ablation pits obtained by laser ablation with various laser energy (10, 25, 50, 75 and 100 μJ) and different numbers of laser shots (50 -600 shots). Although the depth of the ablation pit was basically increased with the number of laser shots, the depth of the ablation pit did not increase any more, and attained a "plateau" depth. In the case of laser ablation with an energy of 25 μJ, the depth of the ablation pit was 100 μm, and the ablation pit did not become deeper. This suggests that the final depth of the ablation pit was basically controlled by the energy fluence, and affected neither the repetition rate nor the number of laser shots. The ultimate depths of the ablation pit obtained with laser energy of 10, 25, 50, 75 and 100 μJ were 25, 75, 150, 225 and 300 μm, respectively. In the case of ArF excimer laser ablation, the resulting aspect ratio of the ablation pit was ~2, even after 500 shots; this was much smaller than those obtained by fs-laser ablation (>10).
In order to compare the ablation rate achieved by the laser ablation systems, the resulting crater depth was measured on two different materials (Pyrex glass and zircon crystal). The ablation rate was defined by the ratio of the resulting depth of the ablation pit to the number of laser shots (μm per laser shot). Table 2 summarizes the measured drilling rate on glass (NIST SRM 610) and zircon crystal (Harvard 91500) 57 obtained with the ArF excimer and TiS fs-laser ablation systems. In the case of an ArF excimer laser, the resulting ablation rate obtained with the glass material (0.142 ± 0.010 μm/shot) was significantly greater than that for zircon crystal, suggesting a large difference in the ablation rates among the sample materials. In contrast, using TiS fs-laser ablation, the resulting drilling rate for glass material (0.76 ± 0.04 μm/shot) agreed well with that for zircon crystal (0.78 ± 0.11 μm/shot), demonstrating that neither hardness nor color of the sample materials affected the ablation rate. This is a very promising result, because the difference in the ablation efficiency could be minimized by the present fs-laser ablation system. Smaller difference in the resulting drilling rate among the samples can be due to higher energy transfer achieved by the present fs-laser ablation system. In fact, it is widely recognized that, with the higher photon energy (UV light) and higher energy irradiance achieved by the fs-laser, the ablation efficiency of the sample could be modified toward less matrix-dependent. 3, 30 However, it should be noted that the analytical sensitivity is not always correlated with the ablation efficiency, because the size distribution of the laser induced sample particles is another important parameter to achieve a higher ionization efficiency in the plasma. In order to obtain a further higher elemental sensitivity, both higher transport efficiency and a smaller size distribution of the sample particles must be achieved. Moreover, in order to achieve precise and reproducible elemental analysis, a reduction in the elemental fractionation due to a difference in the elemental volatility (e.g., 208 Pb/ 238 U) or particle size-related elemental fractionation (e.g., 238 U/ 232 Th) is highly desired. [6] [7] [8] In the following section the time profile of 206 Pb/ 238 U and 238 U/ 232 Th ratios obtained by the laser ablation from the zircon crystal will be given as another important parameter to evaluate the analytical capability of the system.
Elemental fractionation index
In order to evaluate the analytical capability achieved by the present fs-laser ablation system, the level of elemental fractionation was measured. For a quantitative comparison concerning the degree of elemental fractionation, an identical instrumental setup (cell geometry, He gas flow rate, volume of stabilizer device, tubing length and/or ICPMS instrument) was used for both the fs-laser and the ArF excimer laser ablation systems. An energy fluence of 5 J/cm 2 was applied to both the ArF excimer and the fs-laser ablation systems. Moreover, the laser operational setting was conditioned to produce almost Fig. 3 Cross-section view of the ablation pit on Pyrex glass obtained by fs-laser ablation and ArF excimer laser ablation. Five different laser energies (10, 25, 50, 75 and 100 μJ for fs-laser, and 140 mJ for excimer laser) were used to ablate the sample. The depth of the ablation pit was linearly correlated with the number of laser pulse in the early stage, whereas the depth of the ablation pits did not change after the certain number of laser shot. The ultimate depth of the ablation pit was correlated with the laser fluence. For a comparison, an ablation pit obtained by ArF excimer laser ablation was also given (f). Th isotopic ratios were measured on zircon standard (Harvard 91500 zircon crystal). 54 In fs-laser ablation, the laser repetition rate, the pulse energy and the resulting size of the ablation pit were 5 Hz, 10 μJ and 12 -15 μm, respectively. Under these ablation conditions, the maximum signal intensity of the 238 U was 3 × 10 5 cps (Fig. 4(a) ). In laser ablation using an ArF excimer laser, the laser repetition rate, the energy fluence and the resulting size of ablation pit were 10 Hz, 2 J/cm 2 and 20 μm, respectively, and the maximum signal intensity of 238 U was 1.8 × 10 5 cps (Fig. 4(d) ). The resulting aspect ratios obtained after 15 s of continuous ablation was 7.5 by the present fs-laser, and almost 1 by the ArF excimer laser, evidence of a large difference in the resulting aspect ratio of the ablation pit. In the 206 Pb/ 238 U ratio measurement, the measured ratios were normalized by the averaged 206 Pb/ 238 U ratio obtained in the first 5 s of laser ablation, and the normalized 206 Pb/ 238 U ratios were plotted against the ablation time (Figs. 4(b) and (e)). In order to discuss the difference in the level of elemental fractionation we applied a newly defined fractionation index based on the definitions by Horn et al. 58 and Koch et al. 39 The fractionation index (f Pb/U ) was defined by 
where IPb and IU refer to the signal intensity of 206 Pb and 238 U, and t1 and t2 denote the time range for integration; hence, t1 = 10 s and t2 = 20 s (Δt = 10 s) were employed, and therefore the total analysis time for calculation of the fractionation index was 20 s. The resulting fractionation index (f Pb/U ) obtained with the fslaser was almost ~0% in the first 10 s, and then the index value increased systematically after continuous laser ablation (~0.1%).
In laser ablation using the ArF excimer laser, the measured 206 Pb/ 238 U ratio linearly increased with the ablation time, and the resulting fractionation index (f Pb/U ) was 1.5%/s. Elemental fractionation, mainly due to the thermal effect (i.e., time change in the 206 Pb/ 238 U ratio) is more critical with the ablation pit of higher aspect ratio. However, this is not the case for the fs-laser ablation system. Despite the much greater aspect ratio of the ablation pit, the Pb/U isotopic fractionation obtained with fslaser ablation was significantly smaller than that found when using the ArF excimer laser, suggesting that the thermal effect could be remarkably reduced by the fs-laser ablation system. Not only the thermal effect, but also the size distribution of the laser-induced sample particles can cause elemental fractionation. This particle size-related elemental fractionation can be characterized for the time change of the Th/U ratio (Figs. 4(c) and (f)). [15] [16] [17] [18] [19] To test the time change in the 238 U/ 232 Th ratio, the fractionation index for the U/Th ratio (f U/Th ) was defined in a similar manner for f Pb/U (Eq. (1)). Hence, the signal intensities of 238 U and 232 Th were monitored, and likely with the definition for the f Pb/U , an integration time of 10 s (Δt = 10 s) was employed to calculate the fractionation index (f U/Th ). In the fslaser ablation system, no significant changes in the measured 238 U/ 232 Th ratio were found, suggesting a very small fractionation index (f U/Th ). The smaller fractionation index (f U/Th ) could be mainly due to smaller changes in the size distribution of the laser-induced sample particles during laser ablation. 24, 25 In the case of ArF excimer laser ablation, the measured 238 U/
232
Th ratio decreased systematically as the ablation proceeded. The resulting fractionation index (f U/Th ) was 0.6%/s, suggesting the presence of time changes in the size distribution of the sample particles. The data obtained here indicate that, despite the much greater aspect ratio, both the 206 Pb/ 238 U and the 238 U/ 232 Th fractionation (f Pb/U and f U/Th ) could be significantly reduced by the fs-laser ablation system. It should be noted that the wavelength of the present TiS fs-laser system was 780 nm (NIR), and even with non-UV light, a remarkable reduction in the elemental fractionations could be achieved for much greater aspect ratio of the ablation pit.
Isotopic ratio measurement on Fe
The stability or repeatability of the signal intensity is very important to achieve better analytical precision and reliability of the data. In order to evaluate the analytical capability for an isotopic ratio measurement using the fs-laser ablation system, the signal intensity profile and the resulting isotopic ratios were obtained. Hence, natural pyrite (FeS2), commercially available from Johnson Matthey Chemicals (JMC Stock No. 42632, Lot No. H23L30), was used as a sample, and the time profile of the signal intensity of 56 Fe, and 56 Fe/ 54 Fe and 57 Fe/ 54 Fe isotopic ratios was measured by both the present fs-laser system and the ArF excimer laser ablation system. Recent studies on Fe isotopes have revealed that natural isotopic fractionation of Fe is common on the Earth. The overall variation so far observed in natural samples is about 4‰ 59, 60 In order to detect a small level of isotopic fractionation, an ICP-mass spectrometer equipped with a multiple collector array (MC-ICPMS) was employed. The ablation pit sizes produced by the ArF excimer laser and fs-laser were 20 and 15 μm, respectively. The laser energy fluence of 5 J/cm 2 was applied to both the ArF excimer and the fs-laser ablation systems. The laser repetition rate was optimized to control the signal intensity of 56 Fe, being 3 V on a Faraday detector with a 10 11 Ohm-feed back register. For the present Fe isotopic analysis on pyrite samples, the laser repetition rate of 4 Hz was adopted for both laser ablation systems. The resulting signal intensity profile is given in Table 3 and plotted in Fig. 5 . The repeatability of the signal intensity estimated based on the standard deviation of the signal intensity data obtained by 10 separate analysis spots was 8.7% for the ArF excimer laser and 1.1% for the fs-laser ( Table 3 ), demonstrating that the precision or repeatability in the intensity measurement achieved by the fs-laser ablation system was much better than that obtained with the ArF excimer laser. Better repeatability in the signal intensity measurements could be due to the smaller size distribution of the laser-induced sample aerosol achieved by the present fs-laser ablation system. In fact, the resulting 56 Fe intensity profile obtained by the fs-laser (Fig. 5(b) ) appeared to be significantly smoother than that obtained by the ArF excimer laser (Fig. 5(a) ). Concerning the repeatability in 56 Fe/ 54 Fe and 57 Fe/ 54 Fe ratio measurements, the resulting precision calculated based on the standard deviation of 10 separate spot analysis was 0.060 and 0.046% by the ArF excimer laser, and 0.048 and 0.030% by the fs-laser, suggesting a slight improvement (Table 3) . A higher repeatability in the 56 Fe/ 54 Fe and 57 Fe/ 54 Fe ratio measurements could be a result of a smoother signal intensity profile of the Fe isotopes. It should be noted that the measured 56 Fe/ 54 Fe and 57 Fe/ 54 Fe ratios obtained by fs-laser ablation were systematically higher than those obtained by ArF excimer laser ablation. When a pyrite sample was ablated by the fs-laser, the level of sample re-deposition around the ablation pit was significantly smaller than that found in the ArF excimer laser ablation. This suggests that the difference in the measured 56 Fe/ 54 Fe and 57 Fe/ 54 Fe ratios between the two lasers could be due to particle size-related or plasma (ICP)-related mass fractionation. 25, [61] [62] [63] However, because in this study we could not measure the absolute amount of re-deposited material around the ablation pit, this must remain a possibility. Faced with this problem, a better understanding of the isotopic fractionation using more precise isotopic ratio measurements obtained by UV-fs-laser ablation would provide key information. 24, 39, 49, 53 Nevertheless, the result is encouraging, and leads us to believe that the in-situ isotopic analysis of glass, silicate and opaque minerals is a real possibility.
Conclusions
We have described the basic analytical capability achieved by the newly developed laser ablation system using a titaniumsapphire (TiS) femtosecond laser. Although the depth of the ablation pit was a function of the number of laser shots, the ultimate depth of the ablation pit was not changed, neither by the number of laser shots nor the repetition rate. In the present fs-laser ablation system, the resulting ablation rate for a zircon crystal was identical to that obtained from glass materials, suggesting that the fs-laser ablation could provide less matrixdependent sampling. The resulting aspect ratio obtained by the fs-laser ablation system was >10, which is almost an order of magnitude greater than that achieved by the ArF excimer laser ablation system. Even with the higher aspect ratio, the timedependent elemental fractionation (i.e., 206 Pb/ 238 U and 238 U/ 232 Th) could be reduced from that of the zircon crystal (Harvard 91500). The resulting fractionation indexes for Pb/U (f Pb/U ) and U/Th (f U/Th ) ratio measurements did not significantly change in 54 Fe ratios were measured on natural pyrite (FeS2) by means of a multiple collector-ICPMS technique coupled with both the ArF excimer and the fs-laser ablation systems. Signal intensity data obtained by 10 repeated analysis demonstrated that the repeatability in the signal intensity measurement achieved by the fs-laser was 1.1% (2SD, n = 10), which is significantly better than that obtained by ArF excimer laser ablation (8.7%, 2SD, n = 10). The resulting precisions in the 57 Fe/ 54 Fe and 56 Fe/ 54 Fe ratio measurements were 0.06% (2SD) and 0.05% (2SD), respectively, being slightly better than that achieved by ArF excimer laser ablation. Based on the data presented here, a realistic conclusion is that the precision or repeatability of the elemental and isotopic ratio measurements can be improved by the fs-laser, even with the fundamental wavelength (NIR at 780 nm).
